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Abstract 

Using the constrained superfields formalism to describe the interactions of a light gold- 
stino to matter fields in supersymmetric models, we identify generalised, higher-order 
holomorphic superfield constraints that project out the superpartners and capture the 
non-universal couplings of the goldstino to matter fields. These arise from microscopic 
theories in which heavy superpartners masses are of the order of the supersymmetry 
breaking scale (v7)- In the decoupling limit of infinite superpartners masses, these con- 
straints reduce to the familiar, lower-order universal constraints discussed recently, that 
describe the universal goldstino-mattcr fields couplings, suppressed by inverse powers of 
y/J. We initiate the study of the couplings of the Standard Model (SM) fields to goldstino 
in the constrained superfields formalism. 
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1 Introduction 

The study of the interactions of the goldstino with matter is an interesting research area, that 
started originally with the pioneering work of Akulov and Volkov [I], and was investigated 
extensively in the past [2] -[6], with renewed interest in [7] -[22]. Such theoretical study 
could also be of phenomenological relevance if the scale of supersymmetry breaking (in the 
hidden sector), y 7 / is in the few-TeV range, near the Large Hadron Collider (LHC) energy; 
however, this work is valid independent of such restrictions for /. The first formalisms 
describing goldstino interactions with matter, using in particular constrained superfields, 
were constructed in the early days of supersymmetry [3], [3J, [3], [BJ. More recently, an 
approach starting from microscopic descriptions of the supersymmetric theories was further 
considered [7], [16] in which heavy superpartners were integrated out via field equations, 
leading to constrained superfields and renewed interest in this method. 

An intriguing aspect of the constraints used in [IBJ is that their solution is unique and are 
insensitive to the details of the UV physics, in particular are independent of the superparticle 
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masses mj. As a result, the corresponding low-energy actions contain universal couplings of 
the goldstino to matter fields, suppressed by \/f. It is clear however that the decoupling of 
heavy superpartners can also lead to non-universal couplings, suppressed at low-energy by 
their masses mi rather than the supersymmetry breaking scale yfj. The main purpose of 
the present paper is to clarify the emergence of the non-universal couplings in a superfield 
formalism endowed with constraints, generated by the decoupling of the heavy superpartners. 
To this purpose we extend the formalism of constrained superfields developed so far and 
identify new, higher order polynomial constraints for superfields, that effectively project out 
(integrate out) the massive superpartners of the SM spectrum. One possible advantage of 
this is that one could then use, in principle at least, a pure superfield formalism endowed 
with such generalised constraints to describe the non-supersymmetric SM Lagrangian. 

Our study shows that the non-universal couplings of the goldstino to matter are described 
at the low-energy by superfields with higher order, non-minimal constraints. Rather inter- 
estingly, and unlike the universal case, the solution to these generalised constraints is not 
unique, but depends on some arbitrary coefficients. In specific microscopic models (i.e. UV 
completions) these coefficients are functions of the superpartners masses that ultimately de- 
pend on the parameters of the UV microscopic theory. The aforementioned arbitrariness of 
these coefficients seems interesting and may turn out to be an advantage. Indeed, since the 
constraints (and solutions) that we find are the same for all classes of UV completions (of 
different UV parameters), they may turn out to be applicable beyond the limited valability 
of the convergent effective Lagrangian expansion in powers of 1/mf. This could allow an 
extension of the valability of the superfield formalism with generalised constraints beyond 
that of the effective Lagrangian obtained upon integrating out the superpartners, into the 
non- perturb at ive regime. In the formal limit of infinite superpartners masses the goldstino 
couplings to matter become universal and the generalised, higher order constraints of the 
superfields that we identify recover the universal constraints. 

When integrating out the superpartners, one should ensure that they are massive enough 
to decouple at the low-energy E at which the Lagrangian is studied, and light enough for the 
UV and supersymmetry breaking scales separation. In detail, if the superpartners masses 
are too light E < mj <C y/J, then one cannot integrate them out, at energy scales E ~ m^; 
so the formalism is less reliable since the expansion in E/m,i is not rapidly convergent. If on 
the contrary, the superpartners are massive enough, of the order of supersymmetry breaking 
scale, E <C ?Tij < y/f < A, and in the absence of some cancellations of the aforementioned 
coefficients (in the microscopic action), then it means m? ~ / 2 /A 2 ~ /, therefore A 2 ~ /, 
where A is the UV scale. This last relation means that there would be no significant scale 
separation between the scales m,j ~ \/J and A, therefore there would be no reliable UV 
microscopic description. The conclusion is that one has to work in a regime of energy values 
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between these two "dangerous" choices, and in applications this remains a difficult issue. 
However, note that holomorphic superfield constraints (and their solutions) that we identify 
to project out massive scalar superpartners are similar for different superpartners masses 
and UV physics details. Therefore, they could be more powerful in capturing aspects of UV 
physics without a specific UV completion or a concern for scales separation, and, as argued 
earlier, could even capture effects of non-perturbative physics. 

The plan of the paper is as follows. Section [2] reviews the goldstino couplings and the 
universal constraints formalism. In Section [3] we identify generalised holomorphic superfield 
constraints for generic Kahler potentials of matter fields and goldstino, and superpotentials 
with additional matter couplings. In Section 2] we use the new formalism to provide examples 
with the R-parity violating couplings in supersymmetric model, in the decoupling limit of 
heavy squarks and sleptons masses. We extend this and evaluate the onshell Lagrangian of 
goldstino coupled to a general Kahler potential for matter fields, with additional superpo- 
tential matter couplings. Section [5] outlines the steps for writing the Standard Model and its 
two-Higgs doublet model extension coupled to a light goldstino in the superfield formalism 
by using universal constraints only, with particular attention to the Higgs sector. We find 
a new quartic correction to the Higgs potential similar to that in [22], but unlike that, it is 
not universal, but depends on additional parameters. We also point out that in general, the 
leading higgs-goldstino couplings are not universal, being generated by a term analogous to 
the /U-term in MSSM. The Appendix contains some comments on the effects on the formalism 
of constrained superfields from microscopic terms that contain derivatives of light fields, and 
microscopic examples generating heavy gauginos and higgsinos. 



2 Non-linear supersymmetry and constrained superfields 

In this section we review the goldstino action and its (universal) couplings to the SM, in a 
superfield formalism with constraints. We consider in the following energy scales well below 
the mass of the (scalar) sgoldstino (fix, the superpartner of goldstino ifix- We denote the 
goldstino chiral superfield by X with the components X = {(fix , ifix , Fx ) • One can use the 
component fields formalism to describe the corresponding Volkov-Akulov action and then 
couple it "geometrically" to the SM action. Alternatively, one can use the more convenient 
superfield formalism, endowed with constraints. For the goldstino superfield, this constraint 

is m ei o nni us] . 

X 2 = . (1) 

Starting with the Lagrangiar0 
1 We use the conventions of [25] . 
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C x = d A 9X^X + \ d 2 9fX + h.c. 



\d^ x \ 2 + F ] x F x - 



l -r 
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^x^d^x-fFx+h.c. (2) 



endowed with the aforementioned constraint, one recovers the Volkov-Akulov action. Indeed, 
the constraint is solved by 



X 



^x + V2 0ip x + 2 F x , 



with 



ipxif) 



X 



2 F x 



(3) 



which, when used back in eq.© recovers [16] the Volkov-Akulov Lagrangian pQ. After using 
the equation of motion for Fx, we find Fx = —f + where / (that can be chosen real) is 
the SUSY breaking scale. Therefore, in the infrared description of the SUSY breaking, the 
scalar component (sgoldstino) becomes a function of the goldstino ipx- 

Let us now review the (universal) couplings of the goldstino to the SM matter fields, 
in the superfield formalism. Consider a SM fermion field (quark or lepton), denoted ip q in 
what follows and introduce the corresponding superfield Q = (4> q , ip q , F q ). We assume that 
the scalar (squark or slepton) has a large mass, so it decouples at low (EW) scales. The 
decoupling can be described in the superfield language, by imposing a constraint on the 
corresponding superfield Q, which effectively "projects out" (i.e. integrates out) 4> q . The 
simplest constraint that realizes this is [TOj, [T6] 



QX = , 



whose solution is 



Z-ipxWx + V2 9^ g + 9 2 F q . 



(4) 



(5) 



Solutions ([3]) and ([S]) of the constraints can be obtained in the low energy limit of the following 
microscopic Lagrangian that couples X and Q: 

C = j <f6 {M + Qt q _ e x (X^X) 2 - e 9 (QtQ)(x+X)} + { J d 2 9 f X + h.c} (6) 

where e x>q = c X:q /A 2 , A > v7 is a UV cutoff scale and the positive, dimensionless coefficients 
c Xiq are of order cx,c q ~ 0(1). The sgoldstino and squark (slepton) masses are then: 



Ae x f 2 , m 2 Q = e q f 



(7) 



The microscopic Lagrangian in ([6]) has a minimal structure in the sense that it contains the 
minimal number of terms needed to provide large scalar masses and to stabilize the scalar 
vev's to zero, while keeping vanishing fermions masses. After integrating out the massive 
scalar fields <px and <f>„ by using the zero momentum part of the Lagrangian, one obtains 
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solutions ([3]), (|5j), as anticipated. A naive procedure would be to consider zero- momentum 
for heavy fields but keep non-vanishing momenta (derivatives) for the light fields. Such 
procedure would modify the constraints in ([I]), (Tj[|) (for an example see Appendix A). 

One notices that, somewhat intriguingly, the constraints X 2 = 0, X Q = and their 
solution in ([3]), ([5]) are actually independent of the UV details, in this case the masses of 
the heavy scalars. However, this is not the most general case: in a microscopic theory only 
mildly different from (J6j), other terms in the Kahler potential and superpotential can be 
present, compatible with all the symmetries of the low-energy theory. As we shall see later 
in detail, such terms can change the constraints ([1]), in the generic case m 2 x ,m 2 ~ /. In 
the extreme limit of m 2 x ,m 2 3> /, all the goldstino couplings to matter become universal and 
the constraints ([I]), @ and their solution are recovered. However, since A 2 >/, such formal 
limit of very heavy scalars is only possible for unnaturally large values of the coefficients 
c x ,Cq 3> 1; that question the reliability of the expansion in (1/A). Even so, such large values 
for c x ,c q are difficult to obtain, even in a strongly coupled regime when one would expect at 
most Cj ~ 4-7T. Ultimately, the constraints X 2 = and X Q = will receive UV dependent 
corrections, however they can still be used to identify the universal couplings of the goldstino 
to matter fields, via this limit. Finally, the constraints we shall identify in the following 
sections will help one identify the non- universal goldstino couplings, and will recover these 
universal constraints as a special case. There can be exceptions to this: even in the limit of 
large c x ,c q etc, with some ratios of them kept fixed, it is possible that the universal constraints 
X 2 = X Q = change to become nonzero in 0(1/ f 2 ) ordei§|. However, by taking large values 
only for those coefficients contributing to the physical masses, we do recover the universal 
constraints. 

This discussion can be extended to include gauge multiplets. The question is then what 
constraint to impose in order to integrate out the heavy gauginos. A simple choice is [16] 



X W a = , (8) 
where W a is the superymmetric field strength. The solution is given by 

W a = -^(^£-*<">^ m ^ 

+ 9 2 (a m d m \) a (9) 



Note that in the gaugino is defined implicitly, the solution can be found in Appendix, 
cq. ()B.8p . As discussed in Appendix [Bj similarly to the above case of heavy scalars, eq.([8|) is 
exact only in the formal limit of infinitely heavy gaugino masses, M 2 3> /. In the case M 2 ~ / 

2 See for example Section T3. II and eq. (|29[) . 
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one could consider instead a different constraint, X W a W a = 0. However, the universal 
goldstino coupling to the gauge field is indeed generated by both types of constraints. 

Finally, let us discuss the Higgs sector. For the Higgs multiplet(s), one would like to 
decouple the fermions (higgsinos) instead of the scalars. The simplest choice is provided by 
the constraints [16] 

X H\ = chiral X D & h} = , (10) 

which determine the higgsinos and the whole Higgs superfields in terms of the higgs scalars 
hi and the goldstino tpx 



Hi = hi + iV2 6 a m (tf)d m hi + e 2 \-dJ ^L]a n a m ^d n h i + ^^^ x 2 Uh 



F 



F X J F x 2F X 



2WX LJ "'i 



ID 



We discuss in Appendix O a microscopic model leading to a value of the higgsino as shown 
above, = {i/Fx)^ m "^x^rnhi-, (although the details of the low-energy theory and in 
particular the auxiliary fields F^i are slightly different). 

The various superfield constraints presented above raise an interesting question. What 
are the fundamental, "primary" superfield constraints in a given model ? More explicitly, 
consider the case of the goldstino X and matter fields Qi discussed earlier, with the solution 
(J3J) , (|5|) satisfying the constraints X 2 = XQi = 0. By an explicit calculation and using eq.([5]) 
one shows that the following relation (i labels a particular fermion) 

Q l Qj Q k = . (12) 

is also satisfied and can itself be regarded as a constraint. At first sight this does not seem to 
be immediately implied by the "primary" constraints ([TJ and but eq. (|12p cannot be an 
independent one since the constraints X 2 = XQi = uniquely determine solutions ([3]), ©. 
The answer to these questions is related to the generalized class of constraints that encode 
not only the universal but also the additional, non-universal couplings of the goldstino to the 
SM fields, that we discuss in the next sections. 



3 UV versus effective Lagrangians and generalized constraints 

In this section we identify new, generalised constraints for superfields and their relation to 
integrating out massive superpartners. The framework is that of supersymmetric theories in 
which all would-be SM superpartners are heavy and decoupled at low energy. In order to 
integrate out the heavy scalarqfl, via their classical field equations, we use the zero-momentum 
limit of the Lagrangian of a rigid supersymmetric theory with ./V fields, given by |24j 

3 We comment in Appendix iBl and [Cl on the case of integrating heavy fermions like higgsinos/gauginos. 
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C = J ' #9 K($\,&) + { I d 2 9W{&) +h.c} 



d^ 1 d»4> ] j - \ aTfrfj ~ Z>„ ^cj^j) + F 1 Fj 

1 T ,i<T , T , T — 7 —7 1 J— 7 7 S „ li~ 1 



*I J 



+ _^ L ^V^i+ [(Wjf- -K]i^^j)F K --Wu^ 1 ^ 3 + h.c.\ (13) 



where the lower (upper) indices in K and W functions denote derivatives wrt scalar fields 
(their hermitian conjugate), respectively, in a standard notation, 'D^ip 1 denote the Kahler 
covariant derivative acting on the fermion if) 1 , Kj = dK/d& , K J = dK/d^-, etc. Here 
= (4>i,ipi,Fi) can denote X or a matter superfield, such as that of a quark/squark (Q) 
or lepton/slepton. For such a theory, the goldstino is defined as 



iI>x = tLfhIS = - -r^-JK-^fWjtf , where |F| 2 = ^|F 7 | 2 (14) 



is the total magnitude of supersymmetry breaking. Expression (|14p is valid on the ground 
state, so all scalars should be replaced by their vev's. 

Integrating out the massive superpartners can be performed in terms of superfield con- 
straints that we identify below; their form will depend on the complexity of the Kahler poten- 
tial and superpotential. Nevertheless, in all cases these constraints will be some polynomials 
in superfields. Let us provide some examples. 



3.1 Goldstino in microscopic theories and universal constraints. 

To begin with, consider a particular case of the microscopic action in (|13p . with N fields 



K = $}$ 7 - ' 



w = J2 ft *i > 



(15) 



with summation over I = 1,N; here the Kahler potential preserves a global U(N) symmetry 
while fj are some constants, chosen real. Using a zero-momentum integration of the heavy 
scalars one finds 



Fjil) J \ p , N 



+ y/2 9 fa + 6 2 Fj 



(16) 



where a summation over J, N is understood. It is important to notice that in this case $| 7^ 
for each field However, the superfield 



X = ^Fj$ J 
F J 



(Fjib J y r- Fjib J 9 , , 
V + V2 9 -jyf- + 9 2 \F\ 

2\r Lr 



(17) 
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satisfies the constraint X 2 = 0, with its goldstino as defined in eq. (|14p . Further, any linear 

q-tlpqj = Culjj 3 ', F q ^-F qi = 



combination Qj = cu& J can be written in the form ([5j) with ip q —^-ij; qi = cjjip J , F q ^-F ( 



cijF j and therefore satisfies the constraint in @, XQ = 0. 

However, the details of the microscopic theories are important and the constraint X 2 = 
is not valid in all such theories, even though the goldstino fermion remains that defined as in 
(|14p . Instead of the relation X 2 = 0, a higher order monomial constraint applies, as we shall 
see shortly in more general microscopic models. The case discussed above is rather special, 
due to the U(N) symmetry of the microscopic Kahler potential (|15p ; this lead to equal masses 
for the heavy scalars and therefore to only one mass scale and then X 2 = follows. 

3.2 Kahler potentials and generalized chiral constraints 

The Kahler potential in eq.([6]) is the minimal one required by a consistent decoupling of the 
heavy scalars, but it is not protected by any symmetry. Therefore, it can contain additional 
terms of the form (Q^Q) 2 /A 2 in the matter fields sector. New terms in the Kahler potential 
(K) introduce new mass scales, and the form of K and the total number of low-energy fields 
determine the nature of the constraints on the low-energy superfields. Let us provide an 
example with one goldstino superfield X and one SM matter fermion whose superfield is Q. 
The microscopic action that we consider is then (we ignore gauge interactions): 

K = X^X + Qtg _ ei {X^X) 2 - e 2 (Q t Q) 2 - e 3 (Q^Q)(X^X) , 

W = f X , where Q = ((j) q ,ip q , F q ) (18) 

where a ~ 1 /A 2 have mass dimension —2 and A is the UV scale. The scalar fields have squared 
masses □ of values 4ei/ 2 for sgoldstino and e%f 2 for the squark (or slepton), respectively. We 
integrate out these scalar fields, using the zero- momentum Lagrangian for the heavy scalar 
fields and also for the light fermion fields. One finds the low-energy superfields 

X = (a u ipxtpx + au 1pX?Pq + «22 ipqipq ) + ^2 6 ipx + 2 F X , 

Q = ( b u + b 12 ^x^q + h 22 ) + V2 6 % + 6 2 F q , (19) 

where the coefficients have the expressions 

6lI = -£^2k, bl2 = , fe2 = ^ NFj | 2+4£1 |F x ft, (20) 



4 For e%, £3 > 0, there is a local minimum at the origin, (X) = 0, (Q) = 0; this is the vacuum we work with 
in what follows. 
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and 

A = 2( eie3 | J Fx| 4 + e 2 e3|i ? < ? | 4 + 4e 1 e 2 |F Y | 2 |F g | 2 ) • (21) 
One can check that the low-energy superfields (|19p satisfy the following cubic constraints 



X 3 = X 2 Q = XQ 2 = Q 3 = but X 2 ^0, XQ ^0. 



(22) 



A peculiar feature of the constraints in (|22p is that, unlike the "minimal" ones in eqs.([T]), 
their solution is not unique. The solution of ([22]) with the ansatz (fT9|) is 



X 

Q 



{F q ^ x - F x ^ q ) 2 ) +V2 9^ X + 2 F x 



ipxj>x Cl 
2F X 2F X ' 

^r(F^x - Fx^ q ) 2 ) +V2e^ + e 2 F g , 



2F q 2F q 



(23) 



which are valid for arbitrary coefficients c\ 2- In practice, however, c\ % are nontrivial functions 
of the auxiliary fields and for our case, eq. (|20p . can be written as 



Cl 



C2 



2 p 2 

— eie 3 F x 



(24) 



For £2 = one has c\ = 0, C2 = 1/Fy an< ^ one recovers horn ()23|) the familiar case of the 
solutions ([3]), ([5]) that respect eqs.((T]), Q. The non- unique character of the solutions (f23|) is 
related to the fact that in specific examples they depend on the UV data, i.e. the parameters 
of the UV Kahler potential, as seen from eq. (|24D . 

The coefficients c\ 2 which are functions of the fields can be expanded in powers of the 



ratio F q /Fx- Indeed, since F q is small ((F q 



<C (Fx) ~ /), the leading-order Lagrangian 



in the number of fermion fields corresponds to the lowest terms in F q and we can write 



Cl 



C2 



1 



FZ 



F 2 

, a + at— \ + a2=|- + «3 



A 



Fx 



+ 



1 / F 2 



+ 



(25) 



The form of this expansion (even powers of the ratios F q /Fx) is due to the symmetries of 
the UV Lagrangian (|18|) . Onshell this expansion is actually finite, since Fx and F q contain 
bilinears in ipx,q- For the expansion to be well-defined, it is necessary that (32 = and (3q = 1. 
For our model (fl~8|) . ao = 0, a± = 0, 02 = £2/^1, A) = 1, /3i = 0, /?3 = — 4e2/e3- The low- 
energy, effective Lagrangian corresponding to (|18p contains non-universal interactions that 
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depend on the ratio of parameters 6j only in the sub- leading terms in the expansion ([25j). 
Non-universal interactions are therefore suppressed by powers of F q /Fx- 

Additional UV terms can be present in the Kahler potential of (|18|) . Such terms can 
modify the dominant terms in the corresponding low-energy, effective action, obtained after 
integrating out the massive scalars fields. Consider for example the addition to (|18p of the 
term 

5K = -64 (X r ) 2 Q 2 + h.c. . (26) 

Such term can be present in extensions of the MSSM in which Q is not a squark/slepton 
anymore, but would denote a gauge singlet or a modulus superfield (if the modulino fermionic 
component ip q is an accidentally light fermion), in string theory. The constraints in (|22p and 
the parametrization (|23[) remain valid. We find 



2 2 2 2 2 2 

ci = ^7 e 3 (e 2 F q - e 4 F x ) , c 2 = -^63(61^-64^), where 

A' =2[ e3 Fl(e 1 Fi-6 4 Fj) + 63^ 2 ( e2 Fj-64Fi) + 4(6 1 6 2 - e l)|F x | 2 |F (? | 2 ] .(27) 

In this case, the explicit solution for the heavy scalars is modified even at the zero-th order 
in the expansion (J25D, giving ci = (-e 4 /ei) (1/F 2 ) + 0(1/ F^) and c 2 = + 0(1/ F%). 

In this approximation the sgoldstino is changed according to 

X = -L + e f%^ q ) +V2 6^ X + 9 2 F x . (28) 

The above form of the sgoldstino modifies in turn the leading, universal goldstino couplings 
in the low-energy action. One can then see that X 2 7^ 0, since 

<Px* = JL -(^x) MM + . (29) 
lb x ei 

To complete the above discussion, we replace above the auxiliary fields by their values from 
the eqs of motion: 

F x = -f - 2 £l cj> x ^x ~ e 3 cj>\ - 2e 4 <j> x - f e^ q \ 2 - A f £l |0x| 2 + 0(e 2 f 2 ) 

F q = - [2 6 4 4>\ MX + e 3 4> X + 2 6 2 <f>\ lP q l{) q + 4 / 6 4 4>\ 4>X + / £ 3 <Mx] + ^ ( 30 ) 

Using the system of coupled eqs. ([30|) and 4>x-,4>q identified from ([23]) . ([2"T)l. one finds the 
onshell result for sgoldstino and squarks/sleptons in the microscopic model of (|18p with 
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" 73 ( £ 2 " el/ei) ftM*,) (^) + 0(e 2 f 2 ) 



For £4 = one verifies that X 2 = XQ = 0, even though, as we saw earlier, this is not valid 
before eliminating the auxiliary fields. 

The above analysis can be generalised to an arbitrary number N of matter fermions Q\ In 
this case, we obtain chiral superfield constraints given by the vanishing of all possible super- 
field monomials of order N + 2 constructed out of the superfields X and Q l , i = 1, N. Notice 
that in order to find a monomial constraint of the type P{Xi) = 0, one checks the vanishing 
of its ^-independent and 9 component, by using Grassmann identities of the type tp 3 = 0, 
(ijji t\} 2 ) 2 = — (1/2) ipfip etc. The vanishing of the 6 2 component, is an automatic consequence 
of the fact that the integration of heavy scalars respects supersymmetry. We checked that the 
9 2 component vanishes in all cases discussed, which ensures the supersymmetry invariance of 
the solutions found. 



3.3 Yukawa couplings and generalized chiral constraints 

So far we discussed the impact of the Kahler potential on the polynomial constraints. A su- 
perpotential with additional, R-parity violating coupling increases the order of the monomial 
chiral constraints. Here we provide a generic example, with 

K = X^X + Q ] Q - e x (X^X) 2 - e q (Q t Q)(X t X) , 

W = f X + ±Q 3 . (32) 

As before, one finds m 2 x = ^e x f 2 , m 2 = e q f 2 . In this case the integration of the heavy 
scalars leads to low-energy fields of the form 

X = d n ^ x ^x + dia + di3 4>x % + d 14 (F q ^ x - F x + V2 6 ^ x + 2 F X , 

Q = d 2 i Mx + d 22 + d 23 iJxipg + d 24 (F q ^ x - F x $ ' q f + y/2 9 l/f q + 6 2 F q . (33) 

where we do not write explicitly the (long) expressions for dij. By Grassmann variable 
arguments one can check that in this case we obtain quartic constraints 

X 4 = X 3 Q = X 2 Q 2 = XQ 3 = Q 4 = and X 2 / 0, X Q / . (34) 

If A vanishes, one recovers the conditions in ([1]), Q. 

5 The Higgs superfields constraints are different and will be discussed in Section [5] and Appendix [Cl 
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4 Leading-order low-energy effective Lagrangians 



In this section we continue the analysis of the effects of additional couplings in the super- 
potential on the expression of the sgoldstino field, which lead earlier to modified superfield 
constraints. We study the goldstino couplings for arbitrary Kahler potentials with an Im- 
parity violating superpotential. In the heavy scalars limit, non-universal couplings vanish 
and the universal couplings of the goldstino are recovered, compatible with the universal 
constraints. 

4.1 Onshell Lagrangian with R-parity violating and goldstino couplings 

Let us consider N superfields (quarks and/or leptons for MSSM) plus the goldstino superfield 
X. We add the minimal high-energy Kahler potential needed to decouple all scalars and add 
an R-parity violating coupling, denoted Xyk, symmetric in its indices. We consider 

K = X^X + Q\Qi - e x {X^Xf - e { (Q\Qi)(X*X) , 

W = f X + i Xi.kQiQjQk , (35) 

where a sum over repeated indices is understood. In this section and the following, to avoid 
multiple indices for the component fields of Qi = {4> qi , tp qt , F qi ) we shall use a simplified 
notation Qi = (</>,, Fi), where i = 1, N . By integrating-out the iV+ 1 massive scalars fields 
of mass m x = 4e x / 2 and m 2 = etf 2 we obtain solutions of the generic form (|33p . Instead of 
writing the exact solution, we use a simpler approach and expand it in powers of Fi/Fx, as 
also done in Section T3.21 eq. (|25p . This is possible since onshell, Fx is much larger than Fi. In 
the first order in this expansion, we find the solutions for sgoldstino and squarks/sleptons: 

= + 4 XijkFitpjipf, , (36) 

Ibx m x F x 

tpxipi Fi l 2 — / ijj x ^k 1 



F x IF 2 



IpX^X ~ -^Xijk^jtpk + —V^ijkFj ( ^ h Khlm^lA. 

mf J mf V F x m l 



x 

As before, with these sgoldstino and squarks fields, X 2 ^ and X Qi ^ and higher order 
constraints are respected instead. If only interested in the four-fermion low-energy effective 
Lagrangian, the auxiliary fields Fi can be neglected, since they contribute only starting with 
eight-fermion terms. As for the auxiliary field Fx, its expression is 

-F X = f + Jp^X 2 ^X + p D + ^2j- (^ijk^j^k) (Ximn^^) 



1 _ 



{Xijkl/Jjl/Jk) □ (ipXtpi) H 277T {Xijk^j^k) D i^X^i 



2 - 

— r- (\ij k M k ) □ (A 
vrqj 
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Using this result, one finds the on-shell low-energy Lagrangian, up to four-fermion fields: 



£ C ff = -f 2 + £^x,^i) + ^x 2 ^l + j2^xi>iMMi) 



+ —o(Xijk' l Pj'>Pk)&imnll>m'4>n) H o7 (^ijk^j^k) D {^X^i) 

mf J mfj 

+ —J {Kjk^j^k) U (^imn^m^n) ■ 

m\ J 

Chin denotes kinetic terms of ipx-i^i- Note that, as expected, non-derivative terms involving 
the goldstino canceled, by using the identity \ijk{'4'x'^i){'4'j'^k) = 0. The first line in ([38]) gives 
the universal goldstino couplings discussed extensively in the literature, while the following 
lines give the model-dependent couplings. These are all couplings with up to four fermions. 

In the absence of R-parity violating couplings, the fourth term in the rhs of (|38p is the 
leading interaction between the goldstino and matter fermions and was discussed in detail 
from a phenomenological viewpoint in I12j . In the presence of R-parity couplings Xijk, 
(|38p contains further interactions of phenomenological relevance. Notice in particular the last 
term in the second line of (|38p , which can generate interactions of type ipi ipj — > ipk ipx , with a 
coupling 1 / (m 2 f) . This coupling can be stronger then the 0(1/ f 2 ) coupling of two-goldstinos 
processes ip^i — > i\>xi>x + jet and ip q ip q — > i^xtyxl discussed in [Til H2j- It would then be 
useful to study the phenomenological consequences of this leading process ipi tpj — > ipk if^x ■ % 

We end this Section with a brief remark on the Goldstino couplings in the low-energy 
effective Lagrangian versus those derived from its microscopic version. It seems that all 
possible goldstino couplings obtained by starting from a microscopic theory (as those in (|38[> ) 
can be obtained starting instead from an effective Lagrangian with any set of constraints that 
can eliminate the superpartners, to which one adds appropriate sets of higher-dimensional 
and higher-derivative operators (suppressed by mi or /). To illustrate this idea, take the 
simplest set of constraints of [16j, instead of those respected by the fields leading to l[38|) . 
One then notices that the Lagrangian (|38p can also be obtained by starting from a low-energy 
Lagrangian containing the constrained superfields X 2 = XQi = 0, of the type 

/l 1 
d 4 9 X^X + Q i Qi H 2 \jk\mnQiQ jQmQn H 2 QiQj^Qk 
m i m i 

+ ^\ jk \mnQlQp(QmQn)] + { j d 2 9 } X + h.C.} . (39) 



6 For the Standard Model case, there are three R-parity violating couplings in the second line of (|38[1 . of 
the type aijkUidjO(dkt(>x), bijkhqjO(dkipx) , CijkkljOfekipx) plus permutations. The first one was analyzed 
in [26] where it was shown that it is severely constrained since it generates at tree-level the proton decay mode 
p — > -K + tf)x- The second can generate a charged pion decay mode tt + — > e + tjjx- We thank G. Ferretti for 
discussions on this issue. 
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However, notice that a low-energy Lagrangian of the type given in (|39|) . with arbitrary coef- 
ficients in front of higher-dimensional operators does not necessarily correspond to a (micro- 
scopic) UV Lagrangian, which may not even exist. So the most general low-energy theories 
defined in an expansion E/mi,E/y/f might not have a UV completion and end up in the 
so-called "swampland" [25], while only a subset of the low-energy theories can be derived 
from simple UV theories. 

4.2 General onshell Lagrangian with general 4-fermion terms 

The results of Section 14.11 can be extended to an arbitrary Kahler potential. For simplicity, 
we start directly with the onshell formulation of the Lagrangian obtained from f)13|) 



C = - Kj ( d^jd^ 1 + '-V^a^j + h.c. ) - (K-^WjW 1 

+ i Rfj L V VWl -\{Wu- Tfj W K ) V V + h.c. (40) 

where T and R are the connection and curvature of the Kahler metric. Here the capital indices 
I,J,K... take the value to label the goldstino superfield components X = ((fix, tfix, Fx) 
and the values i,j,k,..., to label the (quark/lepton) matter superfields of components 
Qi — ((fiii'tfiii Fi)> •••■) respectively, with i = 1 • • • N, where N is the number of the matter 
fields. Similarly, the derivatives of W and K wrt the scalar components (or their hermitian 
conjugates) are labeled with lower (upper) indices, respectively, in the standard notation: 
Kj = dK/dcfii, Ki = dK/d<fi], K = dK/dcfix, K° = dK/d<fi x , etc. 

Let us expand the Lagrangian around the minimum (ground state) , in normal coordinates 

K j = 6l + Rff<j> L <jJ K + ... , (K- 1 )j = 5 J I -R J I E<fi L 4? K + ... 

Ifj = (K-^Kf J = Rf J L cfi[ + ... (41) 

The superpotential that we consider here is similar to that used in Section 14.11 



W = fX + - X ijk Q i Q j Q k , (42) 



where the contribution of the goldstino field is taken linear, to break SUSY. One finds 

C = - d^x d^cfix - d^l + \R%^^ 



+ R™ \f<fi x + + R oe (M + MxW* + ¥t 



x) 



+ 



x 



X kij <fi k ^ ifii + h.c. 



+ ... (43) 
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where all terms that do not contribute to four-fermion interactions are not shown. It is then 
straightforward to obtain the zero momentum expressions for the sgoldstino (j>x and squarks 
(sleptons) (f> 1 , up to the bilinear order in the fermions: 

4>X = -^7 Mx + ^2-4° > 

<f = -- f i>x^-{M- 2 f k (A^^.-^^^V) ■ (44) 

The first term in each equation is the same universal fermion bilinear already encountered 
in eq. ([36]) . Here we have defined the scalar masses (M 2 )* = — / 2 i?[}*- anc(l| m x = — / 2 Rqq. 
Using this in the Lagrangian of eq. (|43j) one finds that all terms involving goldstinos but no 
derivatives cancel, to give 

4"oSr = +4^2 ^ □ & + J3 Mi □ i*X V>') 

- -^r 4° D ( W) + (M- 2 )\ ^ k □ (r 1 A % ^ - 1 R% V>¥) + /i.e. (45) 

In the first line one identifies again the universal terms, independent of UV physics. These 
terms originate from the first terms in the rhs of eqs. (|44p . Unlike the operators in the 
second line in (|45p . they do not involve the scalar fields masses (as one would naively expect 
from integrating out heavy states). Moreover, the various cancellations between the non- 
derivative terms leading to eq. (|45p are also entirely due to the first terms in the rhs of 
eqs. (|44p . These cancellations are not accidental, but are due to the underlying non-linearly 
realized supersymmetry. A similar result is found if instead of integrating out superpartners, 
one uses field redefinitions, in which the fields are shifted by the first terms in eq. (|44p . Such 
shift induces similar cancellations and generates the universal terms in eq. (|45p . In Ref. [13] 
it was noticed that this redefinition can be lifted to a goldstino-dependent supersymmetry 
transformation that can be used to prove that no derivative-free couplings of the goldstino 
can ever occur in the universal couplings. 

For completeness, let us list the terms involving only matter fields: 

= \ R% W + ^r{ R % ) (i + Jr) (Rm ^ V ) 

+ (A mjW VV-~4^ fe ^) (m- 2 + M- 4 d)"(^^.-^4^V) . (46) 

This concludes the discussion on goldstino and matter couplings, that goldstino induces, with 
up to four-fermion fields, for an arbitrary Kahler and a polynomial superpotential. 

7 We assume for simplicity that there is no mixing induced by the soft mass squared matrix between the 
goldstino and matter fields. 
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5 The SM coupled to goldstino using universal constraints 



In this section we provide an application to the Standard Model (SM), to identify the effects 
of coupling the goldstino to the SM fields, in particular to the Higgs sector, in a superfield 
language. To this purpose we use an effective Lagrangian approach, "promote" any SM field 
to a superfield and impose the universal superfield constraints on both goldstino and the SM 
fields [16] . to decouple their superpartners. This means that all matter superfields are in non- 
linear supersymmetry representations. We employ the universal constraints, since as argued 
at the end of Section I4.lt one may indeed use these (instead of their non- universal extension) 
to write a low energy effective Lagrangian, as long as a detailed microscopic (UV) picture 
is not sought. The strategy we employ is to write down all the interactions that one should 
include in order to obtain the usual Standard Model couplings /masses, and then deduce the 
additional Goldstino couplings they imply. At the end of this section, we also comment on 
the most relevant additional couplings that one could expect beyond these "universal" terms. 

To write the effective interactions allowed, one uses that various couplings can be elimi- 
nated by using the constraints that decouple the superpartners. These are 

X 2 = XQi = QiQjQk = (47) 

and the field equations for the constrained superfields 

- A XD 2 X^ = fX , iQiQjrfx* = fQiQj, 
XD 2 Q\ = 0, QjD 2 Q\ = 0. (48) 

Eqs. (|48p can be obtained, for example, from the following action with Lagrange multiplier 
chiral superfields Xo,Xi> to enforce the constraints (|4T|) : 

K = X^X + Q\Qi, W = fX + ^xoX 2 + XiXQt . (49) 
The field equations for all the fields are then 

-p 2 X^ = f + X oX + XiQi , \d 2 Q\ = XiX , 

X 2 = XQi = . (50) 

After appropriately combing eqs.([50|) one obtains ([4Tj) . ([4"8"]l. Notice that further nontrivial 
relations can be obtained by taking appropriate (superspace) derivatives of the constraints 
and of the equations of motion, such as XD a X = 0, QiQjD 2 X = XD 2 QiQj, etc. This ends 



16 



the list of constraints for the goldstino and matter superfields Q (for quarks), with similar 
constraints for the leptons case (L). 

Regarding the constraints for the Higgs multiplets, one has two cases. The first case is 
to consider two Higgs doublets, as in the MSSM, "promoted" to superfields and impose the 
constraints in ()10p to decouple the higgsinos; in this case one ends up at low energy with a 
two Higgs doublet model (2HDM). The second case is to impose (fTU]l on one Higgs superfield, 
while the other is set to zero; in this case on has exactly the SM case with one Higgs doublet. 

Let us consider the first case of two Higgs multiplets. With squarks/sleptons decoupled 
by the above superfield constraints, the low-energy theory consists of the SM plus two Higgs 
doublets. One can then write a general effective Lagrangian, that can be separated into a 
universal part (that does not bring additional parameters) and a non-universal one. The 
universal part is similar to that of the MSSM. The result is 



C= I d A 6[x^x(l-P(H u H}))+ Y, *U Vi **] + { I d 2 e[fx(i + P{H h Hl 

•* i:H,Q,U,D,L,E ^ 

+ Y%QiUjH 2 + YfjQiDjHi + Y^UE^ + i ( tr W«W%, ) + ^H t H^ + h.c. j , (51) 

Note that, unlike the MSSM case, here all superfields other than Hi^ satisfy the afore- 
mentioned constraints, to ensure that their superpartners are decoupled. are also con- 
strained. The dimensionless functions P and P are general functions of the constrained 
(chiral) superfields H{,Hj, and without loss of generality we can assume P to be real. Due 
to the constraints XD&Hj = 0, (i = 1,2), XV{H,i,h\) = chiral, for any function V [T6] . 
Because of this, the superfield redefinition 

X -> - X (52) 
is holomorphic and leads, together with (|5ip . to a contribution Vf to the scalar potential 

VF = f ( 1 + P)( 1 + Pt ) =/ 2 + / 2 (p + p + p t)+/ 2|p + p|2 + (53) 

The functions P, P, can be expanded as 

f 2 P(H h Hj) = m 2 \H i \ 2 + B fl (H 1 H 2 + h.c.) + 0\H i \ , 

f 2 P(H h H\) = m 2 \H % \ 2 + B^xH 2 + %H\h\ + 0\H A \ . (54) 

Together with the D-term contribution to the potential, which is similar to that in the MSSM, 
and ignoring the quartic terms in P, P, one obtains the Higgs potential 
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V = K + 2m?) \hi\ 2 + {{B^ + B^ + B'] h x .h 2 + h.c.) 



+ p 



i 1 ^ni 

1 



{mf + rh 2 ) \hi\ 2 + (Bp + B„) h v h 2 + (B^ + B' )h\h\ 



+ 



g 2 + g 2 r „ „i 2 



N 2 -M 2 



+ |l^/ i2 | 2 . (55) 



The mass parameter in ()5ip does not contribute to the scalar potential but gives additional 
higgs-goldstino interactions |16| . that we discuss shortly. 

Rather interestingly, V contains a peculiar quartic correction, similar to that pointed out 
in[§ "non-linear" MSSM model of [22]. The difference between the present potential, which is 
that of a two-Higgs doublet model extension of the SM and the model in |22j is that in (|55p . 
the new quartic terms in the second line contain four additional parameters, (compared to the 
parameters in the first line), while in "non-linear MSSM" [22], the new quartic terms did not 
bring in additional parameters. While the present setup leads to a restrictive case of a 2HDM 
potential (with four new quartic couplings instead of seven in a general 2HDM), it looses its 
predictive power for the Higgs mass, relative to the model [22]. Ultimately, this difference is 
not too surprising, and is due to the fact that a supersymmetric theory with superpartners 
projected out by superfield constraints (as in [22]) is not necessarily identical to that built 
in an effective approach, by promoting to (non-linear) superfields the SM spectrum with two 
additional Higgs doublets. 

So far we neglected the quartic terms in P, P. If present, they bring corrections to V: 

= ^N 4 + ••• • (56) 

If aj ~ m^A 4 // 4 , such terms give contributions to the quartic Higgs couplings similar to 
those in the second line of (|55p . generated by Fx- One obtains then a full, general two-Higgs 
doublet model scalar potential, as expected. The values of <Zj are model-dependent and reduce 
the predictive power of the model to that of usual 2HDM case. 

Let us now comment on the leading (in 1/f) interactions of the Higgs with the goldstino. 
From our Lagrangian, eq. (|5ip . one can identify two sources. The first one is the kinetic term 
for the nonlinear Higgs multiplet, which is always present in any theory and hence universal. 
Using (fTT]) . it becomes 

- i t/) h:i a m d m ^ h)l -> -jj Vx djii a m □ @ x hi) , (57) 



8 In the case of [22] a similar quartic Higgs correction, which was a square of the MSSM Higgs soft term 
contribution, lead to a tree-level increase of the Higgs mass to the LEP2 bound, for a low \fj ~ 2 to 7 TeV, 
while at large / the usual MSSM case is recovered. For further discussions on the corrections to the higgs 
potential in similar set-ups, see [27] . 
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where the equations of motions and an integration by parts were used in the last step. The 
second source is the term \xH\Hi-, that does not contribute to the scalar potential, but gives 
instead additional higgs-goldstino interactions |16| . Interestingly enough, for energies E < fj>, 
the leading higgs-goldstino couplings originate from this term: 

-/i WV\2 ->■ -j2 $x4>x d m hx d m h 2 . (58) 

Therefore, depending on the energy regime, one or the other of interactions (|57p . (|58p . provide 
the dominant higgs-goldstino couplings. We should comment that the fj,HiH2 term is actually 
not needed to reproduce any of the couplings and masses of the 2HDM, in particular, fj, is not 
related to the mass of any physical particle. However, it does in principle give an interaction 
comparable or even dominant over the "universal" one in ()57|) . The Lagrangian in f)51 [) 
together with ([57|) . ([58]) provide the leading couplings of the model. This ends the discussion 
of the case of two light Higgs doublets. 

Let us consider now the second case for the Higgs multiplets, in which one of the two 
Higgs doublets is heavy and is eliminated by imposing the superfield constraint Hi = 0. In 
this case, the Higgs potential can be obtained by setting hi = in eq. ([55]) . The Yukawa 
couplings for the up-quarks are the usual ones, while the ones for the down-quarks and the 
leptons have to be constructed in a different manner; they can instead arise from the Kahler 
operator 

d A 6 j (Yfj X^QiDjHl + Y t l j X^UEjHl) . (59) 



Interestingly, the interactions of the fermions with the goldstino resulting from the two types 
of Yukawas will be the same. Using eqns. (0) and we see that they are given by 

j 2 i^xo^x) [yg (?£4) (^) + y% w + h - c -] ( 6 °) 

These couplings are again universal for any theory reproducing the SM at low energy. They 
show a similar suppression (~ l// 2 ) as the other universal interactions, resulting from kinetic 
terms, that we derived in eqns. ([58"]) and f|45j). 

Finally, let us comment on some additional couplings that one can write in this approach 
that can be of some interest The lowest dimensional operators that one could imagine 
are dimension-four and dimension-five R-parity violating operators. However, due to the 
constraints (|12p . all these R-parity violating operators are vanishing 

UiDjDk = LiQjDk = LiLjEk = QiQjQkL m = . (61) 



3 As with the /x term discussed above, the interactions here are not necessary to reproduce any SM couplings. 
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The most dangerous proton-decay and flavor- violating operators are thus absent, and one 
does not need to impose any R-parity for them. However, dangerous proton decay and 
flavour-violating operators appear in other non-universal, mo del- dependent couplings in the 
theory. In particular, one can have couplings of the type 



where the permutations are over the position of the box operator. These are the same 
operators that were mentioned in footnote 6 at the end of Section 14.11 It is likely that one 
thus still needs to impose R-parity to forbid these terms. 

6 Conclusions 

In this work we studied the couplings of the goldstino to matter fields in a supersymmetric 
formalism with superfields endowed with constraints. There are two classes of constraints 
that can be present. The first of these is now well-known, and describes universal constraints 
that are independent of the superpartner masses and of the UV details of the theory. This 
class describes, in an elegant way and using a superfield formalism, the goldstino action and 
its universal couplings to matter (super)fields, suppressed by inverse powers of y/f. In this 
paper we identified a second class of superfield constraints, which are higher order polynomials 
in superfields. These constraints are non-universal, i.e. they help one to identify the non- 
universal couplings of the goldstino. These constraints recover the former, universal class in 
the formal limit of infinite masses for superpartners. 

An interesting aspect of the non-universal constraints is that their general solution (for 
sgoldstino and squarks/sleptons) is usually a function of some arbitrary parameters, that 
can have similar values for different UV completions. For example, in the case of cubic 
constraints the solutions depended on two such parameters. In specific microscopic models, 
these parameters can be expressed in terms of the UV details, such as UV coefficients of the 
effective operators in the microscopic action and also on the auxiliary fields or the fermionic 
components. It may then be possible that the class of generalised constraints could capture 
aspects of UV physics (even in non-perturbative regime), without the need for a detailed 
description of the UV physics. The constraints we found could be used to describe interactions 
of the goldstino to matter even in the limit where the usual effective expansion (in E/nii) 
is not rapidly convergent. Finally, it should be mentioned that the link of the superfield 
constraints to microscopic models is valid only at the leading order in a light-fields derivative 
expansion. Consequently sub-leading terms in the low-energy action are not easily mapped 
into terms in a microscopic theory (see Appendix). 

We computed the onshell Lagrangian with R-parity violating and goldstino couplings for a 
minimal Kahler potential that enforces that all superpartners be massive enough and decouple 




(62) 
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at low energy. The results were then extended to a general Kahler potential, for which 
the Lagrangian of the goldstino and its couplings to matter fields with up to four-fermions 
were computed. These couplings are suppressed by (positive) powers of the supersymmetry 
breaking scale (y/J) for the case of universal couplings, and by the superpartner masses 
(sgoldstino, squarks, sleptons) for the case of non-universal couplings. Finally, the Lagrangian 
with up to four-fermions involving only matter fields that was induced by decoupling the 
superpartners including the sgoldstino, was also computed, with the couplings suppressed by 
the curvature of the Kahler potential (of matter fields) or by the sgoldstino mass. 

To write the low energy effective Lagrangian of goldstino coupled to the SM matter 
fields, our results suggest that one could in principle use either set of superfield constraints 
(minimal or non-minimal), provided one adds an appropriate number of higher-dimension and 
higher-derivative operators, with coefficients that have to be matched to a microscopic (UV) 
Lagrangian. From this point of view the simpler constraints in |16j can be more practical 
compared to the generalized constraints. However, the fact that the former follow only from 
very simple UV theories make the connection between UV and IR theories more difficult. 
One negative outcome is that the dimension of an operator is not enough to determine its 
low-energy relevance. 

Ignoring this potential problem, we initiated the use of the simplest set of constraints 
to couple the Standard Model to a light goldstino. In an appropriate two-higgs doublet SM 
extension that was super symmetrized non-linearly by constraints, we wrote the lowest order 
terms, in particular the Higgs potential. This potential includes additional quartic higgs 
terms, similar to those investigated in [22], containing however four additional couplings 
(parameters). This has an impact on the predictive power of the model relative to the case 
discussed in [22] . Finally, we argued that the leading higgs-goldstino couplings could originate 
from the superpotential term fiH\H2- This interaction is non-universal in the sense that it 
does not contribute any interactions to the 2HDM besides couplings to goldstinos, and hence 
it is not needed for the parametrization of the theory. This is in contrast to the Kahler term 
HjHi, which generates Higgs kinetic terms as well as goldstino interactions at the same time. 
Other, important, non-universal goldstino couplings arise from R parity violating operators 
that could lead to proton decay. Although the leading ones vanish due to the constraints, the 
sub-leading ones can be present and probably need to be forbidden by imposing R parity. 
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Appendix 

A The effects of derivatives of light fields on the constraints. 

In deriving our various matter constraints from a microscopic Lagrangian, we neglected the 
effects of the derivatives of the light fields (quarks and leptons). Including these, generates 
further terms in the equations for the scalars that can invalidate the simple, lowest order 
superfield constraints. This is true in particular for the simple case of Section 13.21 with only 
€1,63 non-zero and €2 = £4 = 0. In this case X 2 = XQ = as discussed in the text and 
in [16]. The microscopic action also contains terms with derivatives of the light (fermionic) 
fields of the type 

5C = -(l-4e 1 |^ x | 2 -e 3 |0 (? | 2 ) ^xi° m d m ^ x - (I - e^x?) ip q ia m d m ^ q 

+ ( e 3 0x<P q ^xi(T m d m 4> q + h.c. ) . (A.l) 

After including the effects of these terms when integrating out the heavy scalars (j)x , <j>q via 
their equations of motion, we find that the constraints X 2 = XQ = are no longer satisfied. 
However, these terms add only higher-order corrections (in derivatives and in 1//), which 
change the low-energy Lagrangian only at a higher order in the number of fermions and 
derivatives. 



B Heavy gauginos and constrained vector superfields 

In Section [3] we discussed the integrating out of massive scalar fields and the associated non- 
universal constraints. Here we consider the case of decoupling the heavy fermions instead. 

To begin with, consider the case of decoupling the massive gauginos. We provide a 
simple microscopic realization of models with heavy gauginos that we integrate out and then 
write down the low-energy constrained vector multiplet. We then compare the result to the 
constraint in (jHJ) [16], that is supposed to decouple the massive gauginos. The simplest UV 
Lagrangian providing large masses to the sgoldstino and gaugino is 

£ = j d 4 9 [jftjf _ e {X^Xf 

+ {Jd 2 (/X + ^W a W a + y X W a W a ^j +h.c.| , (B.l) 
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where M is the gaugino mass and the discussion applies to both the Abelian and the non- 
Abelian cases. The zero- momentum equation of motion for the sgoldstino X gives the same 
solution as in (pTJ) , Q. However, if we keep the momenta of the light fields, similarly to the 
heavy scalar case discussed in Appendix [Aj there are corrections of the type 

where La = 5aD — iaa n ^ F mn . However, these corrections change the constraint X 2 = and 
the discussion below only by terms of high-order in the low-energy Lagrangian, that we can 
neglect in what follows. Further, let us write the equation for the gaugino A, by keeping for 
the time being the momentum-dependent terms. We find 



^ M 



ia m d m X + 



-2F X \ + iV2(D - ia mn F mn )^ x - 2icp x a m d m \ - 2id m (cJ) x Xa r 



f 

The zero-momentum (in the) gaugino equation has the solution 



= . 
(B.3) 



A = -J— (D - ia mn F mn ) ^ x . (B.4) 
V 2b x 

The corresponding (supersymmetric) gauge field strength W a is then given by 

W a = ~^r{€D - iaT^Fmn)^ + (Sfr - ia^F mn )6 p + 9 2 (a m d m X) a (B.5) 

and satisfies the following equations (by using <fP x with the constraint X 2 = 0) 

XW Q = (a m d m X) a 9 2 , X W a W a = . (B.6) 

The first constraint in (|B.6j) is however not invariant under supersymmetry transformations. 
At first sight this seems puzzling, since the second eq. in (|B.6p is manifestly supersymmetric. 
The explanation is that the general solution of X W a W a , although it contains (|B.4p . it is 
in fact more general 

A = -^—(D-ia mn F mn ) ^ x + xa^x^x , (B.7) 
V 2b x 

where Xa is an arbitrary Weyl fermion. The situation here is similar to that described for 
the heavy scalars in eqs. (|22p and (|23|) . Indeed, the solutions of the cubic constraints depend 
on the free parameters c\ 2, that have however nontrivial supersymmetry transformations. 
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Let us compare these results with ([8]), (|9|). The difference between them is that in the 
latter case the gauginos are the solution [16] of the implicit equation 

A = -l—(D-ia mn F mn )^ x - it^L a m d m \, (B.8) 
y/2F x ^ x 

instead of the solution in ()B.4p . Notice that this corresponds to the spinor Xa in (|B.7|) being 
equal to Xa = —i(T Tn d m X/2F x . The solution in (|B.8|) can be obtained more easily by setting 
to zero the square bracket in (|B.3p (i.e. the terms proportional to M//), which corresponds 
to taking the limit M — > oo in the gaugino field equation. A similar self-consistent procedure 
in the field eqs for <p x is however ambiguous, since the corresponding field equation involves 
both the sgoldstino and gaugino mass. Notice however that the difference between ([8]), ([9]) and 
(|B.4p is of higher-order in an 1// expansion in the low-energy action. Therefore, in both cases 
the leading goldstino-gauge field interaction comes from the gaugino kinetic term by using 
the common terms proportional to a mn F mn ip x i n (|B.4|) . We recover again the situation 
encountered earlier: different constraints, the simplest with a unique solution (JSj) and the 
higher-order one (|B.6|) share the same leading term, which fixes the universal coupling of 
goldstino to gauge fields. 



C Heavy higgsinos. 

In this section we consider the case of projecting out the massive Higgs superpartners (hig- 
gsinos). The standard example is the MSSM with its two Higgs multiplets H\^-, in which the 
two higgsinos ^1.2 are massive; this leads at low-energy to two nonlinear Higgs multiplets, 
that contain as physical degrees of freedom only the complex scalars. To simplify the equa- 
tions, in what follows we consider only one chiral multiplet H = (0^, ip^, F^) and decouple 
the corresponding fermion tp^ by assuming it has a large mass M. The simplest Lagrangian 
giving a large mass to the fermion but not to the scalar Higgs <ph is 



C 



M 



X^X + H^H - e {X ] Xf + — I X^X{D a HD a H + D&H^ D a H^) 



4/2 



+ 



d 2 e fx + h.c. }, 



(C.l) 



The component Lagrangian at zero- momentum for the heavy fields <f>x , V'fr is 



C = {l-^e\ct>x\ 2 )\Fx\ 2 + \F h \ 2 + {Fx{f + 2e^ x ^x^x) + 



M 
pi 



b x \ 2 {F h Uh-dF h dh) 



x 



Fxidhf + 4> X F X F£ + iF h d m Hx° m ^x ~ iF x d m H h a m ^ x 
F x F h Mh + l(\F x \ 2 + ^d m ^ x a m ^ x - % -3 X ^ m ^xMhi>h 



+h.c 



(C.2) 
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The field equation for the higgsino iph and the auxiliary field Fh give 

iP h = =^ a m ^ x d m h , F h = -^\<p x \ 2 Uh . (C.3) 
t 1 x J 

We therefore find the solution for the higgsino shown in eq. (|lip . 

When comparing our microscopic theory to the results of using the Higgs superfield con- 
strained as in ()10p . (jlip one encounters a puzzle that is not yet clarified. This refers to the 
fact that there is no simple, clear interpretation in the microscopic theory of the fact that 
the auxiliary field Fh in is not dynamical. 
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